The neutral theory predicts that, in comparisons among related genes, the number of amino acid replacements per site in a given gene region should be a linear function of that in another region of the same gene, unless the genes have diverged functionally in one region. Therefore, nonlinearity of this relationship can be used to identify regions of possible functional divergence among members of a multigene family. This method of analysis was applied to members of the heat-shock protein 70 (HSP70) gene family, which encode highly conserved ATPdependent chaperone proteins found in all organisms. A nonlinear relationship was found between the rate of amino acid replacement in the conserved IA domain of the ATPase portion of the molecule and that in other ATPase domains and the peptide-binding domain. These results suggest that genes in the HSP70 subfamily C (dnaK of bacteria and SSCI of yeast) may have diverged functionally from other subfamilies in the ATPase domains, especially IIB, whereas SSBI of yeast has diverged markedly in the peptidebinding domain. Functional divergence within these regions is consistent with what is known about functional differences between the HSP70 subfamilies in yeast.
Introduction
According to neutral models of molecular evolution, the number of amino acid replacements per site that are accumulated between two related proteins should be a linear function of evolutionary time, but the rate of amino acid replacement will differ in different regions, as a function of the degree of constraint on the protein domains they encode (Kimura 1969; Kimura and Ohta 1973) . For a given domain (domain 1) , the number of amino acid replacements per site ( daal ) will be given by 2kl t, where t is time in years and k, is a constant characteristic of the domain in question. Consider a second, less constrained domain of the same protein (domain 2)) in which the mutation rate is assumed to be the same as in domain 1. In domain 2, daa2 will be given by 2k2t, where k2 > k,. We expect a linear relationship between d,, and da2 because da, = ( k2/kl)daal. If, in the comparison among related functional genes, the rate of nonsynonymous substitution in one region increases at a greater than linear rate with respect to that in another region, this suggests that a change in degree of functional constraint has'taken place in the former region (e.g., see the example of hemoglobin discussed by Kimura and Ohta 1973) . When such a change in constraint occurs in certain members of a multigene family but not in others, this may be due 244 Hughes to functional divergence of the region in question between these two groups of related genes. Thus a test of linearity of the relationship between rates of amino acid replacement in different domains can be used to identify possible regions of functional divergence among members of a multigene family.
Here I apply this method to members of the heat-shock protein 70 (HSP70) gene family, which show great conservation of amino acid sequence in comparisons among species in different taxonomic groups (Craig 1985 ) . Members of this family are ATPdependent chaperone proteins, which catalyze the folding and unfolding of intracellular proteins and their transport into eukaryotic organelles (Rothman 1989; Schlesinger 1990; Gething and Sambrook 1992) . I conduct a phylogenetic analysis of HSP70 genes in order to relate rates of evolution in different domains to the phylogeny of HSP70 genes. The only previously published formal phylogenetic analysis of members of this family (Nicholson et al. 1990 ) used a method that is known to be unreliable when the rate of evolution is not constant in different branches of a phylogenetic tree (Saitou and Nei 1987) .
Material and Methods

DNA Sequences Analyzed
The HSP70 protein forms a homodimer each subunit of which includes two functionally distinct segments: ( 1) an ATPase and (2) a peptide-binding region. The ATPase fragment has two lobes, with a deep cleft at the base of which ATP is bound. This ATPase fragment is composed of four domains (IA, IIA, IB, and IIB); the former two constitute the base of the cleft, and the latter two are believed to be involved in interactions with other proteins (Plaherty et al. 1990) . A 2 l-amino-acid sequence in the IIB domain has been identified as a calmodulin-binding domain (Stevenson and Calderwood 1990) . Rippman et al. ( 199 1) have proposed a model of the peptidebinding region of the HSP70 molecule on the basis of analogy with the class I majorhistocompatibility-complex (MHC) peptide-binding region. This model suggests that the binding region consists of a groove formed by two alpha helices bordering a betapleated sheet (Rippman et al. 199 1) .
On a functional basis, HSP70 proteins have been placed in two groups: ( 1) the heat-shock proteins (HSPs), the expression of which is induced by heat shock and other environmental stresses, and (2) the heat-shock cognate proteins ( HSCs), which are constitutively expressed. An additional group of proteins in this family are those homologous to the glucose-regulated protein or immunoglobulin heavy chain-binding protein of mammals; in this paper, the abbreviation GRP will be used for members of this group. In the yeast Saccharomyces cerevisiae this gene family contains at least nine members (Lindquist and Craig 1988) ; DNA sequence is available for five of these: SSAI, SSA2, SSBI, SSCI, and GRP. Yeast sequences other than that of GRP have been assigned to three separate subfamilies: A (including SSAl, SSA2, and two other genes), B (SSBI and SSBZ), and C (SSCI ) ( Lindquist and Craig 1988 ) . SSAl and SSA2 encode proteins that are expressed in response to heat shock and are required for survival at high temperatures (Craig and Jacobsen 1984) . SSBI and SSB2, on the other hand, seem to be required for optimal growth at low temperatures (Craig and Jacobsen 1985 ) . SSCl is a nuclear gene that encodes a protein product that is imported into the mitochondria and is essential for survival.
DNA and deduced amino acid sequences (N = 30) analyzed in this paper are listed in table 1. The data set used does not include all published sequences from this family. All partial sequences were excluded, as were sequences that, at the amino acid Rothstein and Rajan 199 1 Snutch et al. 1988 Ingolia et al. 1980 Bienz 1984 Morimoto et al. 1986 Stoeckle et al. 1988 Ting et al. 1987 Munro and Pelham 1986 Zakeri et al. 1988 Giehel et al. 1988 Hunt and Morimoto 1985 Dwomiczak and Mirault 1987 Ting and Lee 1988 level, were identical, or nearly so, to the sequences analyzed. The amino acid sequences were aligned using the CLUSTAL V program (Higgins and Sharp 1988 ) . (Alignment available on request.) In comparisons among sequences, any residue at which the alignment postulated a gap was excluded from the analysis so that a comparable data set (534 aligned amino acid residues) was used for each pairwise comparison.
Estimation of Evolutionary Rates
In computing pairwise evolutionary distances, two approaches were used: ( 1) the number of amino acid replacements per site (d,) was estimated by the Poisson-correction formula (Nei 1987, p. 4 1) ; and (2) the number of nonsynonymous nucleotide substitutions per site ( dN) was estimated by Nei and Gojobori's ( 1986 ) method. This method of estimation of d, makes the unrealistic assumption that the rate of amino acid replacement is the same for all sites, but the formula is actually quite robust even 246 Hughes when the rate varies considerably among sites (Nei 1987, pp. 4 l-42 ). Nei and Gojobori's method uses the Jukes-Cantor (Jukes and Cantor 1969) correction for multiple hits, which assumes that substitution of all four nucleotides occurs with an equal probability at all sites. One factor that can lead to violations of this assumption is a strong bias in base composition. For the 534 codons in 30 sequences analyzed here, the percentage of each nucleotide was as follows: C, 23.6%; T, 23.0%; A, 28.1%; and G, 25.3%. Thus there was little compositional bias in the genes analyzed. Furthermore, the Jukes-Cantor method is known to be quite resistant to deviations from this assumption, as long as the number of nucleotide substitutions per site is less than one (Gojobori et al. 1982) .
Results
Phylogenetic Analysis
A minimum-evolution (ME) phylogenetic tree of HSP70 amino acid sequences was constructed on the basis of d,, by Rzhetsky and Nei's ( 1992) 
this method is efficient at reconstructing phylogenies when the rate of evolution is not constant (Rzhetsky and Nei 1992) . In the phylogenetic tree, SSCl clusters with the bacterial dnaKs ( fig. 1 ). This supports the hypothesis that SSCl was originally a gene of the bacterial symbiont that was ancestral to the eukaryotic mitochondrion and that this gene was subsequently translocated from the mitochondrial to the nuclear genome. The GRPs form an outgroup to all other eukaryotic HSP70s available, except SSC 1. SSA 1 and SSA2 cluster with other eukaryotic HSP70s. Of the A, B, and C subfamilies previously reported from yeast, dnaK can be assigned to subfamily C; SSBl is the only known representative of subfamily B. The GRP genes seem to constitute a separate subfamily, and all other eukaryotic genes analyzed can be assigned to subfamily A.
Relative Rates of Evolution in Different Domains
For all pairwise comparisons among sequences, dN was computed separately for the following regions: IA, IIA, IB, IIB, and the peptide-binding domain. The portion of the HSP70 protein located C-terminal to the peptide-binding region, which is not conserved at the amino acid level between distantly related members of the gene family (data not shown), was excluded from these analyses. In comparisons of mean dN within subfamily A and between that and other subfamilies (table 2)) the IA domain was found to be the most conserved region. Thus, it was chosen as a standard with which to compare rates of nonsynonymous evolution in other regions.
Relative rates of evolution in different domains were examined by two methods: ( 1) construction of ME trees on the basis of d, in different domains; (2) computation of dN in different domains within and between subfamilies of HSP70 genes, Branch lengths within ME trees [and their standard errors ( SEs)] were estimated by Rzhetsky and Nei's ( 1992) method. The availability of SE estimates for branch lengths made it possible to test the equality of corresponding branches in different domains.
Figure 2 presents unrooted ME trees for IA, IIA, IB, IIB, and the peptide-binding domain from dnaK, SSC 1, SSB 1, and a subset of sequences from subfamily A. This smaller data set was chosen for ease of presentation, but a similar analysis of all 30 sequences showed essentially the same results (data not shown). To compare rates of evolution in different domains, I compared the length of four critical branches for different trees. These branches were defined relative to the node (denoted 1 in fig.  2A -E) at which the branch to the subfamily A cluster, the branch to SSBl, and the branch to the subfamily C cluster converge. I compare the branch length ( d12) from -ME tree of HSP70s, based on number of amino acid replacements per site (d,). The tree was rooted at the midpoint of the longest interval branch. Tests of the hypothesis that a given branch length is significantly different from zero (Rzhetsky and Nei 1992) are indicated as follows: *P < .05; * *P < .O 1; and ***P < .OOl. this node to the A cluster with the branch length ( d13) from this node to the C cluster (table 3 ) . I also compare the branch to SSB 1 with the terminal branch to SSC 1 (table 3).
In the IA domain ( fig. 2A ) and in the peptide-binding domain ( fig. 2E ), the branch length d13 is roughly twice d12; but in neither case is the difference in length between dlJ and dlz statistically significant (table 3). In IIA ( fig. 2B), IB (fig. 2C ), and IIB ( fig. 2D ), on the other hand, d13 is significantly greater than d,~ (table 3) . In IA and IIB, d13 is about five times as great as d 12; and in IB, d13 is >16 times as great as d12 (table 3) . These results suggest that, in IIA, IB, and IIB, subfamily C members have, at the amino acid level, diverged from subfamily A at a markedly higher rate than in other domains.
In the IA, IIA, and IB domains, the branches to SSBl and SSCl are not significantly different from each other ( fig. 2A-C and table 3) . In IIB and the peptidebinding domain, on the other hand, the corresponding two branches show strikingly contrasting patterns. In IIB ( fig. 2D) , the branch to SSC 1 is more than twice as long as the branch to SSB 1, and the difference between the two is statistically significant (table 3). In the peptide-binding domain ( fig. 2E ), by contrast, the branch to SSBl is more than twice as long as the branch to SSC 1; this is again a statistically significant difference (table 3) . Thus, it appears that SSCI has evolved especially rapidly in IIB, whereas SSB 1 has evolved especially rapidly in the peptide-binding domain.
Essentially the same patterns are seen in comparisons of mean dN in different domains (table 2). The ratio of mean dN between subfamily A genes and dnaK genes to mean dN within subfamily A is -2.7 in IA and -2.3 in the peptide-binding region; but in IIA, IB, and IIB, the same ratio has values of 2.9, 3.3, and 3.8, respectively (table 2) . This is in agreement with the results of the ME trees, which show that subfamily C members have diverged from subfamily A more rapidly in the latter three domains than in the former domains ( fig. 2 and table 3 ). In IIB, mean dN between SSCl and subfamily A is still higher than that between dnaK and subfamily A in the same region (table 2) . This is consistent with evidence from the ME tree that SCC 1 in particular has diverged rapidly in IIB.
In the four ATPase domains, mean & between subfamily A genes and SSBI is -1 . l-1.9 times as high as dN within subfamily A (table 2 ) . But in the peptide-binding domain, mean dN between A and SSBl is 2.6 times as high as that within subfamily A (table 2) . Thus SSBI appears to have evolved at a disproportionately rapid rate in the peptide-binding region, as indicated by the ME tree ( fig. 2E and table 3 ). This conclusion is supported by comparing ( 1) mean dN between A and SSCZ and mean dN between A and dnaK with (2) mean dN between A and SSBl. In all domains except the peptide-binding domain, A is, at nonsynonymous sites, significantly more distant from SSCI and from dnaK than it is from SSBl (table 2). In the peptide-binding domain, on the other hand, A is actually more distant from SSBI than from either SSCI or dnaK, although the difference is not significant (table 2). Note that the patterns observed in estimation of mean dN between subfamilies of HSP70 genes cannot be artifacts caused by the use of the Jukes-Cantor transformation in estimating dN, because essentially the same patterns were seen in comparisons of mean pi [the untransformed proportion of nonsynonymous differences per site (data not shown)].
Conservative and Radical Nonsynonymous Differences
To examine further the pattern of nonsynonymous evolution in regions of HSP70 genes, the method of Hughes et al. ( 1990) was used to estimate the proportion of conservative and radical nonsynonymous differences per site. In this method each nonsynonymous site is categorized as conservative or radical (or some fraction conservative and some fraction radical) with respect to an amino acid property of interest. Then the numbers of conservative (fit) and radical (fiR) nonsynonymous differences per site are calculated. In this case the amino acids were classified into six categories on the basis of chemical similarity (Miyata et al. 1979) , and any nonsynonymous difference involving a change of category was counted as a radical nonsynonymous difference.
In all domains, in comparisons among major groups of HSP70 genes, fit exceeds fiR (table 4) , as is expected in the case of genes encoding conserved proteins. This difference was statistically significant for most comparisons in the IIA, IB, IIB, and peptide-binding domains (table 4) . In IA, both fit and I)NR were quite low, and the difference between them was not statistically significant; thus, evidently both conservative and radical nonsynonymous differences are found at a low level in this region. A similar pattern has been observed when the same method has been applied to highly conserved domains of other genes (Hughes 1992 ) . Because SSBI and SSCl show contrasting patterns of divergence in IIB and in the peptide-binding domain ( fig. 2E and D and tables 2 and 3 ) , I compared m\rc and fin between these genes and other genes in these two domains. In both of these domains, fit exceeds P&,R in comparison among subfamily A members (table 4). In IIB, fit is significantly greater than fiR in the comparison between A and SSBI, but not in the comparison between A and SSCl (table 4) . By contrast, in the peptide-binding domain, fit is significantly greater than m\lR in the comparison between A and SSCl, but not in the comparison between A and SSBZ (table 4). In the same two domains, a similar and more striking pattern occurs in the comparison between GRP and SSBl and in the comparison between GRP and SSCl (table 4) . These results indicate not only that SSCl and SSBl have diverged unusually rapidly in, respectively, IIB and the peptide-binding domain but NOTE.-Amino acids were placed in six categories on the basis of chemical similarity (Miyata et al. 1979 ): (I) C, (2) P, A, G, S, T; (3) E, D, N, Q; (4) H, K, R; (5) 1, L, M, V; and (6) F, W, Y. Any nonsynonymous difference leading to a change of category was counted as a radical difference. Tests of significance of the difference between p~c and ha: *P < .05; **P c.01; and ***P <.OOl.
that this divergence has involved a relatively high proportion of nonconservative amino acid changes.
Conservation within Subfamily C In the IIA, IB, and IIB domains, subfamily C genes have diverged from other HSP70 genes at a disproportionate rate. Here I examine available evidence bearing on the question of whether this rapid divergence arises from a lack of constraint at the amino acid level in these domains within subfamily C. Among dnaK genes, dN in IIA, IB, and IIB is not significantly higher than that in IA (table 2) . Likewise, in all regions except IIB, dN between SSCI and dnaK is similar to that among dnaK genes. In IIB, however, other evidence ( fig. 2E and table 3 ) supports the hypothesis that SSCl has diverged unusually rapidly. Comparisons of pNc and fiR also support the hypothesis that members of subfamily C are conserved in IIA, IB, and IIB, as well as in other domains. In the comparison among dnaK genes, pr,,c is significantly greater than fiR, in all domains (table 4) . Likewise, in the comparison between SSCI and dnaK genes, PNc is greater than fiR, in all domains, and it is significantly so in all but IA (table 4 ) . Thus, within subfamily C itself, there is a tendency toward conservative amino acid replacements even in those domains in which members of this subfamily have diverged relatively rapidly from other HSP70 genes.
Hughes
Discussion
When one group of members of a multigene family have diverged unusually rapidly from other members of that family, in the amino acid sequence of a particular domain, there are two possible explanations for this phenomenon:
( 1) members of the group that have diverged rapidly have reduced functional constraint in that domain, relative to other members of the family; or (2) members of the group that have diverged rapidly have evolved a different function in the domain in question. The present analyses indicate that unexpectedly rapid evolution, relative to the conserved IA domain of HSP70s, has occurred in the other three ATPase domains of subfamily C members and in the peptide-binding domain of SSBl (subfamily B). In both of these cases, there is some evidence favoring the hypothesis that a change of function, rather than a loss of constraint, is responsible for the observed pattern of amino acid evolution. This evidence is much stronger in the case of subfamily C than in the case of subfamily B.
In the case of subfamily C, the three domains (IIA, IB, and IIB) in which members of this family are most divergent from other HSP70s are well conserved at the amino acid level within subfamily C (table 2) and have a preponderance of conservative nonsynonymous nucleotide differences within subfamily C (table 4). Noting that the IB and IIB domains include certain highly conserved portions and yet are remote from the putative ATP-binding site, Flaherty et al. ( 1990) have suggested that portions of these domains might interact with the peptide-binding portion of the molecule. Calmodulin is one protein known to bind a site in the IIB domain (Stevenson and Calderwood 1990 ) . It would not be surprising to find that IIB of dnaK and SSCl does not share this function. So far, calmodulin is not known outside the eukaryotes. In the eukaryotic cell, the question of whether calmodulin is found in association with mitochondria has not been resolved; but, in chicken embryo fibroblasts, the bulk of calmodulin was associated with the soluble fraction of the cell ( Van Eldik et al. 1982 ) . It is known that HSP70 proteins interact with a number of different proteins besides calmodulin (Schlesinger 1990 ). Some of these may be shared by all subfamilies, but the remarkable divergence, in IB and IIB, of subfamily C suggests that this subfamily may share relatively few such interactions with the other subfamilies. Because there is only one sequence available from subfamily B, it is not possible at present to determine whether the peptide-binding domain is conserved within this subfamily.
However, there is some biological evidence suggesting that the peptidebinding domain of SSBI performs an important function and therefore is expected to be subject to evolutionary constraint. In yeast, SSAl and SSA2 are involved in response to high environmental temperatures, whereas SSBl is involved in response to low environmental temperatures; and SSB 1 is required for optimal growth at these temperatures (Craig and Jacobsen 1985 ) . In view of this temperature difference, perhaps the members of the A and B subfamilies bind substantially different types of substrates. That SSB 1 has diverged from other HSP70s in the peptide-binding domain is consistent with the idea that SSBl binds a set of peptides radically different from those bound by other HSP70s.
Ordinarily the evolution of proteins having new functions must involve duplication of genes and subsequent divergence of the duplicated genes (Kimura and Ohta 1974) . Such related genes, the members of a multigene family, accumulate many neutral nonsynonymous differences; but, if they diverge functionally, there will presumably also be certain amino acid replacements contributing to the functional dif-ference that have been fixed by positive selection. The present method can be used to identify regions in which amino acid evolution has occurred at a nonlinear rate relative to other regions (a phenomenon that might be called "molecular allometry"). It cannot identify precisely which amino acid replacements have given rise to functional divergence among related genes, but it can be used to identify potential regions of functional divergence. To apply this method, the regions examined must be fairly extensive, and the number of nonsynonymous substitutions per site must not be very great, for, if either of these conditions is not met, stochastic error may be so large that the true pattern of evolution is obscured. But in the case of conserved gene families in which some functional divergence has taken place in well-defined protein domains, this method can be used to identify the regions where such divergence has occurred.
